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STATEMENT  OF  PROBLEM  STUDIED 


The  processing  of  ceramic  coatings  with  controlled  porosity  is  needed  for  a  variety  of 
applications,  including  chemical  sensors,  membranes,  and  applicatons  that  require  controlled 
optical  and  dielectric  properties.  In  this  research,  porosity  control  was  approached  by  a  unique 
low  temperature  processing  route.  Alumina  particles  were  fabricated  into  a  porous  coating  and 
the  amount  of  aluminum  phosphate  reaction  product  controlled  the  porosity  and  mechanical 
properties.  The  research  was  motivated  by  both  the  exploration  of  a  general  method  of  porosity 
control  and  the  need  for  a  robust  porous  coating  to  act  as  a  matrix  in  an  interpenetrating  ceramic 
composite  coating  (the  subject  of  an  ARO  ASSERT  grant.) 

The  technology  for  bonding  the  alumina  particles  in  the  coating  falls  into  the  general 
category  of  chemically  bonded  ceramics  (CBC's)  1 '9.  Examples  of  CBC's  include  mortars, 
cements  and  concretes.  CBC's  have  the  advantage  of  developing  strength  at  low  processing 
temperatures,  with  some  even  showing  remarkable  properties  with  room  temperature  processing 
or  curing^.  Most  CBC's  are  prepared  by  one  of  three  routes:  (i)  hydration  (e.g.,  portland 
cements,  calcium  hydroxide/oxide  cements),  (ii)  precipitation  reactions  (e.g.,  ion  exchange 
materials),  and  (iii)  acid/base  reactions  (e.g.,  phosphates,  certain  oxides)^.  A  reaction  of  the 
last  variety  was  used  in  this  research.  The  reaction  between  alumina  powder  and  phosphoric 
acid  (H3PO4)  at  temperatures  below  300°C  forms  aluminum  phosphate^.  The 
alumina/aluminum  phosphate  system  has  been  used  as  a  cement  binder,  but  until  now  has  not 
been  applied  to  the  fabrication  of  coatings. 

SUMMARY  OF  MAIN  RESULTS 

Processing  and  Characterization: 

Coatings  were  prepared  by  depositing  an  aqueous  dispersion  of  alumina  particles 
containing  phosphoric  acid  and  sometimes  aluminum  chloride.  The  alumina  particles  had  an 
average  diameter  of  0.3  jxm  (AL-16SG,  Alcoa).  Dispersions  were  prepared  by  adding 
phosphoric  acid  solution  (85  wt%)  into  an  aqueous  dispersion  of  alumina  (44.4  wt%  alumina 
with  0.001  g/cm3  citric  acid).  The  amount  of  phosphoric  acid  solution  added  was  varied  to 
provide  dispersions  with  H3PO4  :  AI2O3  weight  ratios  of  0.0106:1  to  0.106:1.  Another  set  of 
dispersions  was  prepared  with  a  H3PO4  :  AI2O3  weight  ratio  of  0.106:1  and  with  aluminum 


chloride  added  in  an  amount  ranging  from  0.001:1  to  0.1:1  (AlCl3:Al203  by  weight).  For  these 
dispersions,  the  aluminum  chloride  was  added  to  the  aqueous  alumina  dispersion  (44.4  wt%) 
before  the  addition  of  phosphoric  acid  solution.  Since  HC1  vapor  was  generated  in  the  process 
of  adding  aluminum  chloride  to  water,  the  procedure  was  carried  out  in  a  hood.  The 
dispersions  were  coated  onto  glass  and  other  substrates  using  a  fixed  gap  draw-down  blade. 
Coatings  were  dried  in  air  overnight  and  then  heated  at  either  100°C  (24-48  hours),  300°C  (2-4 
hours),  or  500°C  (2  hours).  Coatings  were  typically  30  (xm  thick,  but  could  be  prepared  with  a 
wide  range  of  thicknesses. 

The  reactions  involved  in  the  chemical  bonding  and  the  resultant  reaction  products  were 
analyzed  using  thermal  analysis  methods  and  x-ray  diffraction.  Thermogravimetric  analysis 
(TGA,  Perkin-Elmer  TGA7)  and  differential  thermal  analysis  (DTA,  Perkin-Elmer  DTA1700) 
were  carried  out  on  coatings  removed  from  their  substrates.  The  crystalline  phases  present  in 
the  coatings  were  analyzed  by  X-ray  diffraction  (XRD,  Seimens  D-50). 

The  microstructure  of  the  ceramic  coatings  was  characterized  by  field  emission  scanning 
electron  microscopy  (FEG-SEM,  Hitachi  S-800).  Cross-sectional  and  plan  views  of  the  coating 
microstructures  were  viewed.  Coating  porosity  was  measured  using  a  thermogravimetric 
volatilization  of  liquids  technique  (TVL)  method^. 

Results 

The  composition  of  the  coating  dispersion  as  well  as  the  thermal  treatment  controlled  the 
ceramic  phase  connectivity,  coating  porosity  and  coating  strength.  Two  systems  were 
investigated:  (i)  alumina  with  phosphoric  acid  and  (ii)  alumina  with  aluminum  chloride  and 
phosphoric  acid.  For  both  systems,  reactions  ensue  and  affect  the  phase  composition  as  well  as 
the  microstructure  of  the  coating.  For  coatings  prepared  with  alumina  and  phosphoric  acid, 
alumina  reacts  with  phosphoric  acid  according  to^>  1 1  - 12; 

A1203  +  H3PO4  2  A1P04‘xH20  +  A1(H2P04)  +  A1H2P3Oio  +H20  +...  (1) 

This  reaction  is  unbalanced  as  several  reaction  products  are  possible,  depending  on  the  thermal 
conditions.  Reaction  with  phosphoric  acid  will  occur  in  the  dispersion,  but  is  more  likely  when 
the  coating  is  dried  and  heated.  Also  on  heating,  the  aluminum  phosphate  reaction  product, 


originally  amorphous,  crystallizes.  For  coatings  prepared  with  aluminum  chloride,  a  reaction 
takes  place  when  the  aluminum  chloride  is  added  to  the  aqueous  alumina  dispersion: 

AICI3  +  3  H20  -»  Al(OH)3  +  3  HC1  (2) 

The  Al(OH)3  generated  can  then  react  when  phosphoric  acid  is  added^: 

Al(OH)3  +  H3PO4  2  A1P04‘xH20  +  A1(H2P04)  +  AIH2P3O10  +  H20 +...  (3) 

Compared  with  reaction  (1),  reaction  (3)  takes  place  much  more  readily  at  room  temperature. 
Based  on  these  reactions,  the  coating  dispersion  composition  (acid  content,  presence  and 
amount  of  aluminum  chloride)  and  the  heating  temperature  were  the  main  variables  affecting  the 
microstructure.  All  coating  dispersions  were  well  stabilized;  hence,  the  effect  of  alumina 
particle  agglomeration  differences  on  microstructure  was  not  important. 

The  phosphoric  acid  content  controlled  the  porosity  and  microstructural  features  in 
coatings  prepared  with  alumina  and  phosphoric  acid.  Increasing  the  acid  content  from  0.0106:1 
to  0. 106: 1  (H3PO4:  Al203  by  weight)  led  to  rounding  of  the  alumina  particles  and  the  formation 
of  greater  amounts  of  aluminum  phosphate  as  "bridges"  between  particles.  Figure  1  compares 
the  microstructure  of  coatings  with  high  and  low  acid  loadings.  The  presence  of  aluminum 
phosphate  on  the  surfaces  of  alumina  particles  and  between  them  was  also  verified  by 
preliminary  TEM  studies  (not  shown).  A  similar,  but  less  dramatic  change  in  microstructure, 
was  observed  in  coatings  of  this  type  with  an  increase  in  temperature  for  coatings  of  a  given 
phosphoric  acid  content.  Porosity  also  varied  with  acid  content.  Figure  2  shows  the  decrease 
in  porosity  from  50  to  30  vol%  with  increased  acid  loading.  Average  pore  size  was  observed 
by  SEM  to  decrease  as  well. 


H3P04/AI203  weight  ratio 


Figure  2  Effect  of  phosphoric  acid  content  on  coating  porosity.  Coatings  were  prepared  from 
dispersions  of  alumina  and  phosphoric  acid  and  heated  to  300°C. 


The  addition  of  aluminum  chloride  to  the  coating  system  with  the  highest  acid  loading 
(0.106:1)  did  not  change  the  microstructure  significantly.  SEM  photomicrographs  of  coatings 
prepared  with  a  range  of  AICI3  additions  had  similar  features  as  those  shown  in  Figure  1,  but 
these  features  (rounded  particles,  bridges  between  particles)  developed  at  lower  temperature. 
Porosity  measurements  revealed  that  the  pore  content  of  the  coating  was  invariant  to  the 
aluminum  chloride  addition.  This  difference  is  discussed  in  the  next  section. 

Figure  3  shows  DTA  data  for  coatings  prepared  with  and  without  AICI3.  A  single 
endotherm,  presumably  from  water  removal  (based  on  TGA  data),  was  evident  for  the  sample 
with  AICI3,  while  the  coating  prepared  with  alumina  and  phosphoric  acid  showed  an  additional 
endotherm  at  220°C.  This  second  endotherm  indicates  that  further  reaction  occurs  in  these 
coatings,  while  reaction  is  complete  at  lower  temperatures  when  aluminum  chloride  is  used. 

Analysis  of  the  crystalline  phase  content  of  the  coatings  revealed  the  relative  amount  of 
crystalline  aluminum  phosphate  which  forms  in  the  coatings.  In  coatings  prepared  from 
aqueous  dispersions  of  alumina  and  phosphoric  acid,  crystalline  AIPO4  was  not  observed  with 


0  100  200  300  400  500  600  700 

Temperature  (°C) 


Figure  3  DTA  data  for  (a)  coatings  prepared  with  alumina  and  phophoric  acid  (0.064:1, 
H3PC>4:Al203  weight  ratio)  and  (b)  coatings  prepared  with  alumina,  aluminum 
chloride  and  phophoric  acid  (0.106:1,  H3P04:Al203  and  0.1:1  AICI3:  AI2O3). 
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Figure  4  Effect  of  phosphoric  acid  loading  on  the  relative  amount  of  crystalline  AIPO4  in 
coatings  heated  at  500°C  for  2  hours. 

thermal  treatments  at  or  below  300  °C,  even  when  the  highest  phosphoric  acid  content  used. 
Coatings  heated  to  500  °C  had  a  low  intensity  aluminum  phosphate  peak  when  the  acid  loading 
surpassed  0.05:1  (H3P04:Al203  by  weight).  The  phosphate  phase  in  coatings  with  a  lower 
acid  loading  could  have  been  crystalline  at  an  amount  below  the  detection  limit  of  XRD.  The 
relative  intensity  of  the  most  intense  peak  for  AIPO4  increased  with  acid  loading,  but  then 
leveled  off  at  higher  loadings  (See  Fig.  4).  This  trend  indicates  that  the  extent  of  reaction 
between  phosphoric  acid  and  alumina  may  be  limited  by  diffusion  through  the  aluminum 
phosphate  product  layer.  For  coatings  prepared  with  aluminum  chloride,  there  was  no  evidence 
of  crystalline  AIPO4. 

Coating  Microstructure  Development 

The  control  of  the  porous  microstructure  of  coatings  prepared  with  alumina  and 
phosphoric  acid  can  be  understood  in  terms  of  the  reactions.  During  coating  and  drying,  a  layer 
of  phosphoric  acid  deposits  on  the  alumina  particles.  On  heating,  phosphoric  acid  reacts  at  the 
alumina  particle  surfaces  to  form  a  layer  of  hydrated  aluminum  phosphate.  Further  reaction 
requires  diffusion  of  reactant  through  the  product  layer;  if  this  layer  is  dense,  then  the  extent  of 
reaction  will  increase  with  (time)1/2  and  will  depend  on  the  diffusion  coefficients  of  the  reactants 


and,  hence,  the  temperature.  XRD  results  support  this  hypothesis.  The  formation  of  an 
aluminum  phosphate  layer  on  the  particles  has  the  effect  of  joining  the  particles  together;  SEM 
observations  indicate  that  particle-particle  contacts  are  not  simple  point  contacts  that  are  typically 
found  in  alumina  coatings  without  phosphoric  acid.  The  effect  of  acid  loading  on  porosity  can 
be  understood  considering  the  density  difference  between  aluminum  phosphate  and  alumina 
(2.56  g/cm3  vs.  3.98  g/cm^,  respectively).  For  a  given  temperature,  coatings  with  larger  acid 
loadings  form  more  aluminum  phosphate  and  have  less  open  porosity  per  unit  volume  (i.e.,  the 
conversion  of  a  high  density  solid  to  a  low  density  solid  consumes  pore  space).  These  coatings 
are  also  more  robust  due  to  their  greater  connectivity.  Temperature  also  plays  an  important  role 
in  microstructural  development.  As  temperature  is  increased,  diffusion  through  the  phosphate 
layer  is  facilitated,  allowing  further  reaction  and  the  formation  of  more  phosphate  and  a  decrease 
in  porosity.  Also,  as  the  temperature  is  increased,  the  AIPO4  •  x  H2O  loses  water  and  there 
may  be  some  sintering,  leading  to  shrinkage  of  the  coating. 

Coatings  formed  from  dispersions  containing  aluminum  chloride  do  not  show  a  drop  in 
porosity  with  increasing  phosphate  content.  In  the  preparation  of  the  coating  dispersion, 
aluminum  chloride  reacts  with  water  in  the  alumina  dispersion  to  form  aluminum  hydroxide 
particles;  these  fine  particles  react  with  phosphoric  acid  when  it  is  added  to  the  dispersion.  The 
result  is  formation  of  aluminum  phosphates  in  the  dispersion  before  coating  deposition  and  and 
less  conversion  of  the  alumina  particles  to  phosphate  in  the  solid  coating.  The  coating  after 
drying  is  comprised  of  alumina,  aluminum  phosphate  reaction  products,  phosphoric  acid  and 
any  remaining  aluminum  hydroxide.  While  some  phosphoric  acid  is  consumed  by  reaction  with 
aluminum  hydroxide,  at  least  half  remains.  As  the  aluminum  chloride  concentration  grows  from 
0.001:1  to  0.1:1  (AlCl3:Al203  by  weight),  the  amount  of  residual  phosphoric  acid  (assuming 
complete  reaction  with  aluminum  hydroxide)  drops  from  0.098:1  to  0.033:1  (H3P04:Al203  by 
weight).  On  heating,  there  is  the  possibility  of  additional  reaction  between  phosphoric  acid  and 
alumina  (and  residual  aluminum  hydroxide).  Conversion  of  aluminum  hydroxide  to  aluminum 
phosphate  does  not  involve  a  significant  density  change  and  will  not  affect  the  porosity.  There 
may  also  be  a  tendency  for  the  aluminum  hydroxide  particles  and  aluminum  phosphate  reaction 
products  to  form  on  alumina  surfaces  in  the  suspension  and  during  drying;  the  presence  of  this 
surface  layer  would  present  a  barrier  to  further  reaction  between  residual  phosphoric  acid  and 
alumina  and  account  for  the  observed  constant  porosity  with  aluminum  choride  content. 


Summary 

Porous  ceramic  coatings  with  pore  contents  ranging  from  25  to  50%  were  prepared  at 
processing  temperatures  as  low  at  300°C.  The  porosity  in  coatings  prepared  from  dispersions 
containing  alumina  and  phosphoric  acid  was  controlled  by  the  relative  amount  of  acid  and  hence 
relative  amount  of  aluminum  phosphate.  The  addition  of  aluminum  chloride  to  the  dispersion 
led  the  formation  of  fine  aluminum  hydroxide  precipitates  that  react  with  phosphoric  acid  at 
lower  temperatures  to  form  aluminum  phosphate  reaction  products;  these  fine  reaction  products 
help  to  bind  the  alumina  particles  together  without  affecting  the  pore  content.  The  success  of 
this  low- temperature  phosphate  route  leads  to  the  possibility  of  other  coating  systems  which  use 
chemical  reactions  to  promote  bonding  and  control  porosity  . 
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